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A carbon tax is an efficient economic instrument to reduce emissions of carbon dioxide released from fossil fuel burning. Its impacts on production of renewable energy depend on how it is designed-particularly in the context of the penetration of biofuels into the energy supply mix for road transportation. Using a multi-sector, multi-country computable general equilibrium model, this study shows first that a carbon tax with the entire tax revenue recycled to households through a lumpsum transfer does not stimulate biofuel production significantly, even at relatively high tax rates. This reflects the high cost of carbon dioxide abatement through This paper is a product of the Environment and Energy Team, Development Research Group. It is part of a larger effort by the World Bank to provide open access to its research and make a contribution to development policy discussions around the world. Policy Research Working Papers are also posted on the Web at http://econ.worldbank.org. The author may be contacted at gtimilsina@worldbank.org. biofuels substitution, relative to other energy substitution alternatives; in addition, the carbon tax will have negative economy-wide consequences that reduce total demand for all fuels. A combined carbon tax and biofuel subsidy policy, where part of the carbon tax revenue is used to finance a biofuel subsidy, would significantly stimulate market penetration of biofuels. Although the carbon tax and biofuel subsidy policy would cause higher loss in global economic output compared with the carbon tax with lump sum revenue redistribution, the incremental output loss is relatively small.
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Introduction
Climate change is one of the greatest challenges the global community faces today.
Anthropogenic emissions of greenhouse gases (GHG) are the main culprit behind climate change (IPCC, 2007) . One way of mitigating GHG emissions is to reduce the combustion of fossil fuels.
This can be achieved in a number of ways such as by reducing end-use energy service (e.g., heat, light) demand through price increase, by reducing final energy (e.g., electricity, gasoline) without curtailing delivery of energy services through efficiency improvements and by substituting fossil fuels with non-fossil energy sources.
The transport sector is one of the main contributors to GHG emissions in many countries around the world (IEA, 2009 ). This sector does not offer many cost-effective alternatives to reduce GHG emissions. Biofuels is one of the options. While some life cycle analyses have cast doubt on the net GHG emission reduction potential of biofuels (Searchinger et al., 2008; Fargione et al., 2008) , more than forty countries around the world have introduced mandates or set targets for biofuels (Timilsina and Shrehtha, 2010) . Several developed countries are continuing to push forward with policies that aim at increasing the share of biofuels in the transportation fuel mix (OECD, 2008) . Long-term energy import substitution is another driving factor for biofuel promotion. For example, many Sub-Saharan African countries depend entirely on imports for meeting their transportation fuel demand and are thus exposed to the impacts of fuel price volatility on the cost of imports. These countries have abundant arable land resources that can be utilized to produce biofuel feedstock (Mitchell, 2010) in order to reduce their dependency on petroleum imports.
Despite recent efforts to promote biofuels, the current share of biofuels in the global energy mix for transportation is only around 2 percent on energy equivalence basis. 3 One reason for this low market penetration 4 is that the price of fossil fuels does not include its negative external costs (e.g., environmental damage) to society. Particularly in the context of climate change mitigation, this could be addressed by imposing a carbon tax on fossil fuels. However, how much a carbon tax would change the relative economics of biofuels and its penetration in the energy supply mix is an empirical question.
During the last two decades, a plethora of research both on carbon taxation and on biofuels has been produced. This literature spans a wide range of issues, methodologies and disciplines, and a detailed review is beyond the scope of this paper. A number of studies use either general equilibrium or partial equilibrium models that incorporate biofuels, to simulate climate change mitigation policies. For instance, Janssen and de Vries (2000) simulate different GHG mitigation policies, such as a carbon tax in the energy system model TIME that includes biofuels, to estimate the costs of stabilizing the CO 2 concentration in the atmosphere at 550 ppmv. However, the partial equilibrium approched employed in the TIME model does not account for economy-wide feedback effects of a carbon tax. Plevin and Mueller (2008) develop a bottom-up model to calculate the effects of a CO 2 tax and other emission policies on the costs of producing ethanol from corn, but also their model is partial equilibrium, and the study can therefore not account for the spill-over effects of carbon policies on other sectors of the economy. McCormick and Kåberger (2005) identify the Swedish carbon tax as a facilitating factor for the expansion of bioenergy in the town of Enköping, but such a case study does not 3 Authors' estimation for year 2008 based on data for global gasoline and diesel consumption in the transport sector from the International Energy Agency and ethanol and biodiesel production data from Timilsina and Shrestha (2010) . 4 Biofuel penetration in this study is defined as the ratio of biofuels (ethanol and biodiesel) to the total liquid fuel consumption in the road transportation (i.e., biofuels, gasoline and diesel).
provide detailed aggregate quantitative results useful at the national or global levels. Schneider and McCarl (2005) show that a high level of carbon tax makes production of biofuel feedstocks profitable business and generates additional farm revenues. However, this would be true only in a partial equilibrium setting where negative impacts of a carbon tax on the other economic sectors and feedback to the agricultural sector is not accounted. This results would not neecessarily hold true in a general equilibrium framework, the approach used in this analysis, as the contractual effects of a carbon tax on the economy could significantly erode the increased biofuel demand due to the substitition effect (i.e., substitution of fossil fuels with biofuels). In an earlier study by the same authors (Schneider and McCarl, 2003) reveal that a high level carbon tax causes biomass competitive in electricty production, however it does not help much stimulate ethanol production. However, the study focusses only on the US.
We developed a multi-country, multi-sector, recursive dynamic Computable General Equilibrium (CGE) model for the purpose of this study. 5 We imposed a universal carbon tax on all fossil fuels, not just on gasoline and diesel as in a partial equilibrium approach. 6 A carbon tax, if considered, would be introduced throughout the economy and applied to all fossil fuels because such a broad-based tax would be more effective than a narrowly based fuel tax to reduce GHG emissions. A sector specific carbon tax also would be difficult to implement as more than one sector uses the same fuel (e.g., use of diesel in the industry sector is almost at the same level or higher in some countries).
Accordingly, this study assumes a uniform carbon tax across the sectors, fuels and jurisdictions.
However, to understand the changes in biofuel penetration and overall economic impacts, we 5 also run a scenario in the sensitivity analysis where a carbon tax is imposed only on gasoline and diesel. The model produces a large number of results including impacts on GDP, sectoral outputs, household income and consumption, government revenue and expenditure, international trade of goods and services, demand for intermediate consumption and capital formation at country levels. However, for purpose of clarity and comprehensiveness, we present only key results, such as GDP, biofuel demand, agriculture outputs at the global and regional level.
Our study finds that such carbon tax, applied with lump-sum redistribution of revenues, does not in itself stimulate production of biofuels. This is because other opportunities for GHG mitigation, notably reduced coal use in the power sector, will be more cost-effective; in addition, the carbon tax will have negative economy-wide consequences (especially for fossil fuel producing and energy-and carbon-intensive manufacturing industries), and these effects in turn will reduce total demand for all fuels. However, if part of carbon tax revenue is used to subsidize biofuels, the combined effect of the carbon tax and biofuel subsidy would lead to a substantial increase in biofuel penetration. Although such a subsidy would cause further contraction of the economy by moving away from the cost-effective solution using the carbon tax alone, the additional output contraction is found to be small, in particular as compared to the negative aggregate output effect of a carbon tax alone. This finding is broadly similar to that of studies by Weber et al. (2005) and Barker et al. (2008) , which find that if carbon tax revenue is used to finance GHG mitigation activities, such as improvement of energy efficiency, the environmental impacts of carbon tax is stronger as compared to a situation where carbon tax revenues are recycled for other purposes (e.g., lump-sum rebate to households).
The remainder of the paper is structured as follows. Section 2 provides a brief description of the CGE model developed for the study followed by presentation of key simulation results in Section 6 3. Section 4 highlights results of some sensitivity analysis followed by discussion on policy insight in Section 5. Finally, conclusions are presented in Section 6.
The Model and Data
We used a multi-regional, multi-sector, recursive dynamic CGE model 7 for the purpose of this study. exhibiting optimizing behavior and interacting via different markets (sectors, countries, regions) . Underlying a CGE model are equations describing these variables and their interaction as well as the data needed to calibrate the model. Simple CGE models are comparative static, which means that they allow for comparison of the equilibrium state of the economy after a policy intervention has taken place with the situation in absence of the intervention. Dynamic models allow for tracing variables over the whole adjustment path. The advantage of CGE models over partial equilibrium analysis is that they account for interactive effects within and between sectors, agents and markets. hand side of the second tier of the nested production structure, a non-energy commodity in a country or region is formed through a CES combination of that commodity produced in the country/region and imported from various countries/regions. Similarly, on the right-hand side of the same tier, the value added-energy composite is aggregated through a CES combination of the value added and the energy composite. The process continues as illustrated in Figure 1 . The study gives special attention to the energy sector modeling for two reasons. First, since a carbon tax is introduced to fossil fuels, we need an explicit representation of the fossil fuel sector including various petroleum products. Second, the study aims to assess the competitiveness of biofuels with fossil fuels when carbon tax is introduced into the latter; therefore, we also need an explicit representation of biofuels. As shown in Figure 2 , the total demand for energy is a CES composite of electricity and an aggregate of non-electric energy commodities. One component of the latter is the liquid fuel, which is a CES composite of the ethanol-gasoline and diesel-biodiesel bundles. The model is structured in such a way that it allows direct substitution between gasoline and ethanol, and between diesel and biodiesel. 10 Since a land can be utilized for different uses (e.g., crop production such as corn and wheat; livestock production). In the production context it represents a situation to allocate a single resource for the purpose of multiple outputs. Thus, a CET function is appropriate to represent land supply behavior (for more discussion please see Timilsina et al., 2010) . 11 A similar approach is also followed in Birur et al. (2008) and Hertel et al. (2010) . While modeling the household sector, we assumed that a representative household maximizes its utility, using a non-homothetic Constant Difference of Elasticities (CDE) function, 12 subject to the budget constraint. The households' disposable income consists of the factor incomes (net of taxes) minus the direct tax. A household savings rate determines the fraction of disposable income that is saved, and thus available for investments. Hence, total national income accrues to government expenditures, household expenditures, and investments.
The government derives revenue from a number of indirect taxes, tariffs and a direct tax on households. Government expenditures are an exogenously determined share of nominal GDP. that, in the model, the public sector always has a balanced budget. The direct tax on households is adjusted each period to ensure a balanced public budget.
International trade is modeled by a system of Armington demands that give rise to flows of goods and services between the regions. On the national/regional level, import demand is driven by CES functions of domestic and imported components of demand for Armington commodities.
Export supply is depicted by a two tier constant elasticity of transformation (CET) function, where, on the first tier, the total output of a sector is designated either to total exports or to domestic supply, and, at the second tier, total exports are partitioned according to their destinations.
The capital stock is composed of old and new capital, where new corresponds to the capital investments at the beginning of the period and old corresponds to the capital installed in previous periods. The ratio of new to old capital is also a measure of the flexibility of the economy, as new capital is assumed to be perfectly mobile across sectors. Furthermore, each period, a fraction of the old capital depreciates.
Population and productivity growth are exogenous drivers of the model's dynamics. The former is taken from the projections of the United Nations Population Division, where labor force growth corresponds to growth of the population aged 15-64 years. Productivity growth is modeled as exogenous and factor neutral for agricultural sectors and labor augmenting for industrial and service sectors. Productivity of energy follows an autonomous energy efficiency improvement (AEEI) path so that there is no endogenous technological change in the model.
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13 This implies that potential improvement in efficiency of energy transformation and utilization has been already incorporated through the exogenously defined AEEI parameter. Note that the AEEI does not have significant influence on the results of the study as the results presented here are on difference between carbon tax policy
To ensure equilibrium in the model, three sets of market clearing conditions are met. First, total production of each commodity equals the sum of domestic consumption and export so that the goods and services markets clear. Second, total investment equals total saving, where savings are composed of private (household) savings, public (government) savings and exogenously fixed foreign savings. Third, factor markets clear, which implies full employment.
The model is calibrated with GTAP version 7.0 data. However, not all data needed for the model are available in the GTAP database. For example, biofuels are not a proper sector in the original GTAP 7.0; therefore, we modified the database in a way that allowed us to introduce biofuels sectors in our CGE model. For this purpose, we collected detailed information on production, consumption and trade, a total of seven new biofuel sectors, which have been created by splitting existing GTAP sectors. The Splitcom 14 software was used to process the splits and keep the global social accounting matrix balanced. The land data are based on the GTAP 7.0 database and were derived analogously to Lee et al. (2008) .
Simulation Results
We first consider a range of globally uniform carbon taxes on all fossil fuels, starting from US$10/tCO 2 up to US$100/tCO 2 . The taxes are introduced in 2012 and kept fixed in nominal scenarios and the baseline. Any value assumed for AEEI is common for both baseline and the carbon tax policy scenarios. Moreover, the role of AEEI would be significant only in the long-run; 50-100 years (e.g., models presented in Edenhofer et al. 2006 Edenhofer et al. ,2010 . The version of the model used in this analysis considers a short time horizon, 10 years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) . Interested readers are referred to existing literature such as Edenhofer et al. (2006 Edenhofer et al. ( ,2010 , Kaufmann (2004) and Edenhofer et al. (2005) for more discussion on AEEI. 14 This software and a detailed description can be freely downloaded at http://www.monash.edu.au/policy/splitcom.htm.
terms throughout the study horizon. 15 The simulations are divided in two policy scenarios as follows:
(i) Introduction of carbon tax to all fossil fuels and recycle surplus carbon tax revenue after keeping the government revenue neutral to households through a lump-sum rebate. We refer to this policy to as ‗carbon tax alone' policy case.
(ii) Introduction of carbon tax to all fossil fuels and use part of carbon tax revenue to finance subsidies to biofuels. Any surplus revenue after financing biofuel subsidies and keeping the government revenue neutral is transferred to households through a lump-sum rebate. We refer to this policy to as ‗carbon tax cum biofuel subsidy' policy case.
To get a clear picture of carbon tax and biofuel subsidy impacts, we considered various rates for the carbon tax and also for the biofuel subsidy. The difference in impacts between the carbon tax cum subsidy case and carbon tax alone case are interpreted as impacts of biofuel subsidies.
Note that under both scenarios, surplus carbon tax revenue is recycled to households through a lump-sum rebate. Some studies use the surplus revenue to cut existing income taxes (see e.g., Goulder 1995; Goulder et al. 1999; Timilsina and Shrestha, 2007) and report cases of double dividends, i.e., reducing emissions as well as reducing some of the distortions due to existing taxes. Since our objective is to compare results between the carbon tax alone and carbon tax cum biofuel subsidy cases, the results do not significantly alter if other schemes are assumed to recycle surplus tax revenue (surplus after maintaining government revenue neutral under the carbon tax alone case and after financing biofuel subsidies and maintaining government revenue neutral under the carbon tax cum biofuel subsidy case).
Effect of carbon tax on biofuel penetration
In our baseline simulation, where neither a carbon tax nor biofuel subsidies are considered, biofuels account for 5.5% of total liquid fuels used for road transportation in 2020 at the global level. This represents twice the current share of biofuels in total liquid fuels consumed for global road transportation (see Figure 4) . The main reasons for the increase in biofuels in the baseline are existing policies to support biofuels (e.g., already implemented mandates). As illustrated in Figure 4 , the impacts on global biofuel penetration is quite small under the carbon tax alone case (i.e., carbon tax with zero subsidy to biofuels). For instance, a carbon tax of US$25/tCO 2 increases the market share of biofuels to 5.6% at the global level in 2020 compared to 5.5% in the baseline. Even a relatively high carbon tax rate of US$100/tCO 2 increases this figure only to 6.1% (not shown in Figure 4 ).
16
When part of the carbon tax revenue is used to finance biofuel subsidies, market penetration of biofuels increases substantially. For instance, a 25% subsidy would increase the global biofuel penetration to more than 8.5% in 2020. A 50% subsidy would lead to more than 15% global market share for biofuels. Note also that for a given rate of subsidy, the level of carbon tax does not alter biofuel penetration significantly. For example, a US10/tCO2 carbon tax with a 25% subsidy increases global biofuel penetration to 8.6%; if the carbon tax rate is raised to US$25/tCO2 with the same level of subsidy, the global penetration of biofuels increases to 8.8%, implying a mere 0.2 percentage point increase. The results clearly demonstrate that direct subsidies to biofuels would be much more powerful to stimulate market penetration of biofuels.
Utilizing carbon tax revenue to finance subsidies to clean and renewable energy sources would further help mitigate climate change by stimulating production of clean and renewable energy services although such a policy would further contract the economy. 17 Existing studies such as, Weber et al. 2005 and Barker et al. (2008) , also reach similar conclusions. 17 Note that environmental policy instruments such as carbon tax and subsidies to clean energy technologies can be justified based on their environmental benefits, which are frequently not quantified and not included into the current practice of economic accounting. If the positive environmental benefits of these instruments are accounted for household welfare, these instruments are found to increase economic welfare (e.g. Parry et al., 1999) . It is also interesting to note the substantial change in biofuel penetration when biofuel subsidies are increased to 50% from 25%. This result indicates that not only a subsidy but also a high level of subsidy would be required to trigger a large increase in biofuel penetration. Another interesting finding is that the fraction of carbon tax revenue required to provide a high subsidy (e.g., 50%) would be relatively small particularly in countries with carbon intensive energy supply system (e.g., China, India, South Africa). An economy-wide carbon tax even at the small level (e.g., US$10/tCO 2 ) would produce large revenue which would be much higher than needed to subsidize the biofuels. Therefore, we did not consider biofuel subsidy rate above 50%.
Although the carbon tax cum biofuel subsidy policy is helpful for strong penetration of biofuels, the study does not advocate carbon tax revenue to finance biofuels subsidies. This is because other fiscal measures, such as a fuel tax on gasoline and diesel, the fossil fuel counterparts of biofuels, could be more efficient if the policy objective is to stimulate biofuels. Timilsina et al. (2010) find that a small tax on gasoline and diesel would be enough to subsidize biofuels at the level necessary to meet the biofuel targets announced by various countries around the world. penetration in these countries as such a high carbon tax depress the economy and ultimately demand for fuels.
The carbon tax cum biofuel subsidy policy on the other hand, would cause a substantial increase in biofuel penetration in all countries. A 25% subsidy, for example, would increase biofuel penetration more than 60% from the scenarios with no subsidies in most countries.
The principal reason for the small impact on biofuel penetration under the carbon tax alone case is that a carbon tax causes a contraction of economic activities across the board, and leads to reduction of total energy demand. Although the carbon tax causes substitution of fossil fuels with biofuels on the supply side (i.e., substitution effect), the increase in biofuels demand would be partially offset by the overall demand cut resulted from the carbon tax (i.e., pricing effect).
Under carbon tax cum biofuel subsidy case, biofuels become more attractive as compared to their fossil fuel counterparts (i.e., gasoline and diesel). Although these subsidies also produce some negative feedback to the overall economy, the scale of the feedback would be much smaller as compared to that of the carbon tax. Thus, the subsidy would trigger substantial substitution of gasoline and diesel with ethanol and biodiesel, respectively.
It would also relevant to see the impacts of carbon tax and subsidies on biofuel demands in addition to biofuel penetration to draw further clarity to readers. Table 3 presents the impacts on biofuels demand under the different carbon tax with varying rates of subsidy for biofuels. As can be seen from the table, the patterns of impacts of carbon tax and subsidies on biofuels demand are similar to that on biofuel penetration. The increased biofuel demands due to subsidies are 19 many times higher as compared to corresponding values under the carbon tax alone. 18 Moreover, the increases in demand for biofuels are much higher than the increases in subsidy rate. Under US$10/tCO 2 carbon tax rate, for example, the global demand for biofuels in 2020 increases from 74% to 268% from the baseline when biofuel subsidy rates are increased from 25% to 50%. On the other hand, an increase in the carbon tax rate from US$10/tCO 2 to US$50/tCO 2 causes the global demand for biofuels in 2020 to increase by 2.2 percentage points from 0.5% under the US$10/tCO 2 case to 2.7% under the US$50/tCO 2 case.
Although subsidy is found to be much more effective than carbon tax to stimulate biofuels, impacts of carbon tax are also significant in some countries, such as China, where the energy supply system is highly carbon intensive. Moreover, the increase on biofuel demand along with a carbon tax rate is relatively higher in those countries compared to countries with carbon intensive energy supply system. In countries like Japan, France and Italy a carbon tax would cause a reduction in biofuel demand as the reduction in total fuel demand due to pricing effect would be higher than increase in biofuel demands due to substitution effect. Table 4 presents the effect of a carbon tax on GDP with and without subsidies to biofuels. As expected, the carbon tax would reduce global GDP under the carbon tax alone case. For instance,
Impacts on GDP
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a US$25/tCO 2 carbon tax without tax revenue recycled to finance biofuel subsidies leads to a loss of global real GDP of 0.43% as compared to the business as usual scenario. Almost the entire loss in real GDP will accrue to middle and low-income countries that will suffer a reduction of 1.08%, while the loss of GDP in high-income countries would be relatively small, 0.07%.
Intuitively, high-income countries have relatively lower energy intensity as measured by energy consumption per unit GDP due the higher share of lower energy intensive service sectors in the economy. On the other hand, middle-income countries, such as China, India, Russia and Brazil, have energy-intensive manufacturing sectors as the main economic base. Among the group of middle and low-income countries, Russia, China, India and Argentina which are reliant on carbon-intensive industries, will be the hardest hit. Also the MENA region suffers high GDP loss due to reduction in oil and gas production as a result of carbon tax induced demand cuts. For a US$25/tCO 2 tax without subsidies to biofuels, the global GDP loss would be 0.43% and, again, mainly accrues to low-and middle-income countries. Finally, a fairly high tax rate of US$50/tCO 2 would lead to an even stronger result, with global GDP dipping to more than 0.85% below its baseline level. When part of the carbon tax revenue is used to subsidize biofuels in each country/region (i.e., carbon tax cum biofuel subsidy case), the global GDP loss is even bigger. This result is nontrivial. This is because subsidizing biofuels, which are relatively expensive as compared to their 24 fossil fuel counterparts, would change the relative prices and thus lead to a suboptimal factor allocation.
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Although the subsidy on top of the carbon tax would cause higher GDP loss as compared to the situation with a carbon tax and no subsidy, the negative GDP impacts per unit increase of biofuel penetration would be many-fold smaller in the former case as compared to the latter. For example, when no subsidy is provided to biofuels a carbon tax of US$25/tCO 2 would increase global penetration of biofuels by 0.2 percentage points from the baseline level at 0.43% GDP cost. On the other hand, if a 25% subsidy is provided to biofuels, it would increase global biofuel penetration by 3.2 percentage points on top of the increment caused by the carbon tax; the incremental loss in GDP would be 0.02%. If we define the rate of change in GDP with respect to the rate of change in biofuel penetration as ‗GDP elasticity of biofuel penetration', the globally aggregated value of such an elasticity would be greater than 2 for the carbon tax, whereas it would be less than 0.01 for the subsidy.
Impacts on sectoral outputs
A carbon tax would increase the relative output of the biofuel sector in comparison to outputs of most other sectors. However, the increase in the output of the biofuel sector is insignificant compared to the decrease in outputs from the other sectors. For example, while a US$25/tCO 2 carbon tax would increase output of the biofuel sector by US$2.2 billion in 2020, it would decrease US$1,173 billion worth of outputs from the other sectors.
The carbon tax would not only reduce output from energy/mining and manufacturing sectors but also from the agricultural sectors. As illustrated in Table 5 , the percentage reductions of agriculture outputs are higher than that in the service and, in some cases, manufacturing sectors.
The agricultural sector is also an energy-intensive sector in high-income countries. Note that not only the agricultural sub-sectors which are not used for biofuel feedstock, but also those used for biofuel feedstock experience an output decline due to the carbon tax (see Table 6 ). Moreover, a globally uniform carbon tax will not only cause a reallocation between the sectors, but also cause a geographical reallocation of output towards less energy-intensive producers.
Since the carbon tax reduces outputs, demand for goods and services, including energy would fall. The consequences due to the overall fall in economic output would partially offset the substitution effect between biofuels and its fossil counterparts in the aggregate fuel supply mix.
Thus, the stronger negative economic effect of a carbon tax is the primary reason for a smaller penetration of biofuels. The effects of using parts of the carbon tax revenue to subsidize biofuels at 25% are also illustrated in Table 5 . The biofuels subsidy leads to a huge expansion in the biofuels sector as compared to the carbon tax alone. Not surprisingly, also the agricultural sector benefits from a biofuels subsidy, as feedstock production increases. However, the overall effect of the policy mix on the agricultural sector is still negative, which again illustrates the generally output-depressing effect of the carbon tax. Biofuels subsidy  0%  25%  0%  25%  0%  25%  0%  25%  0%  25%  0%  25%  0%  25%  0%  25%  0% Table 6 also indicates the reallocation in production of agricultural commodities, particularly in developing countries, despite the overwhelming reductions of sectoral outputs due to the carbon tax. The reallocation is mainly caused by substitution of gasoline and diesel with ethanol and biodiesel, respectively. If there were no substitution, these reallocations would not occur and reductions of agricultural outputs would be higher. The effect of a biofuels subsidy is intuitive;
while the outputs of sugar crops, wheat, corn and oilseeds, which are used as feedstock in biofuels production, expand, the subsidy further depresses the production of other agricultural products such as paddy rice and livestock. Table 7 presents impacts of carbon tax and biofuel subsidies on CO 2 emissions in various countries or regions. As expected, the carbon tax considered in the study has a large effect on CO 2 emission; even a moderate carbon tax of US$10/tCO 2 , leads to reduction of global CO 2 emissions by about 13% below the baseline case in 2020, while a relatively high tax of US$50/tCO 2 reduces emission by almost 33% below the baseline case. As can be seen from Table 7 , a carbon tax in low and middle-income reduces relatively higher CO 2 emissions as compared to that in high-income countries. For instance, a US$25/tCO 2 leads to a decrease in CO 2 of about 14% in high-income countries, while emissions in low and middle-income countries go down by 28%. This reflects the fact the low and middle income economies are more carbon intensive in terms of economic output than high income countries. Countries with high carbon intensive energy supply system such as Argentina, China, India and South Africa exhibit relatively stronger reduction of CO 2 emissions. On the other hand, countries with low carbon intensive energy supply system, such as Brazil, France, Italy and Spain would realize relatively smaller reduction of their CO 2 emissions. In fact, the mix of energy sources used for power 29 generation is also a good predictor for CO 2 mitigation potential; for instance, in France where nuclear power accounts for almost 80% of power generation, an emission tax even at the relatively high level of US$50/tCO 2 reduces emission by only 6.5%, while the same tax rate reduces emissions in the UK, where coal and gas account for the bulk of power generation, by about 28%. -12.9 -13.0 -13.7 -23.5 -23.7 -23.9 -32.8 -32.9 -33 .1 -6.9 -7.0 -7.4 -13.7 -13.8 -14.0 -20.6 -20.7 -20.9 Aus- .2 Japan -6.0 -5.9 -6.0 -9.1 -9.0 -8.9 -12.6 -12.5 -12.4 -6.7 -6.8 -7.1 -13.4 -13.5 -13.5 -20.0 -20.1 -20 .1
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Sensitivity Analysis
We address three dimensions in the sensitivity analysis. First, we increase rates of carbon tax above US$100/tCO 2 to check whether or not a high carbon tax would cause significant impacts on biofuel penetration if carbon tax revenue is not used to subsidize biofuels. Secondly, we analyze the role of the elasticity of substitution between fossil fuels and biofuels assuming that a higher value would cause higher penetration of biofuels. Third, we check whether targeting the carbon tax to gasoline and diesel only, as opposed to all carbon sources, significantly affects our results.
In the first sensitivity analysis, raising the carbon tax level to US$150/tCO 2 causes further increase in biofuel penetration, but only slightly to 6.4% as compared to 6.1% for carbon tax US$100/tCO 2 and 5.5% in the baseline (i.e., zero carbon tax). On the other hand, the US$150/tCO 2 tax causes global GDP loss more than 2%. This sensitivity analysis confirms that a higher carbon tax would increase the penetration of biofuels slightly, but it would cause a significant loss of economic outputs. Thus, results from this sensitivity analysis confirm that a carbon tax alone policy would not help increase biofuel penetration significantly no matter how high the carbon tax rate is. This is because the reduction of total energy demand caused by a high carbon tax is also reflected in demand for biofuels although biofuels substitutes part of fossil fuels.
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The elasticity of substitution between biofuels and their fossil fuel counterparts influences the strength of the substitution effect due to changes in the relative prices of the two fuel types. We check the robustness of our results by running our scenarios after doubling the elasticity parameter. 21 The model is indeed sensitive to this parameter. Doubling the value of the elasticity of substitution between biofuels and its fossil counterparts (i.e., gasoline and diesel) substantially increases (almost doubles) the penetration of biofuels. However, this happens not only under scenarios (i.e., carbon tax cases), but also in the baseline as the same elasticity of substitution is considered under both the baseline and the scenarios. Thus, the difference in biofuel penetration between the carbon tax case and the baseline under this sensitivity analysis does not get affected 20 It could be further interesting to experiment with a very high carbon tax rate, say US$500/tCO 2 ; however, our model is not capable to run a shock of this scale. Nevertheless, we do not expect a different finding as a huge carbon tax would also depress the economy severely thereby reducing the total energy demand and also curtail the demand for biofuels. 21 Based on literature (e.g, Birur et al., 2007) much although biofuel penetration under the sensitivity case is found slightly higher than that under the main case.
Finally, we run our scenarios with a carbon tax applied only to gasoline and diesel. The idea here is that as biofuels compete mainly with gasoline and diesel, a tax on only these fuels would be relevant if the purpose is to increase penetration of biofuels in and of itself. 22 Table 8 shows the results of this sensitivity analysis with a US$50/tCO 2 tax on gasoline and diesel, and a 50% biofuels subsidy (the results of all other combinations of carbon tax/biofuels subsidy are similar).
We retain the formulation of the tax in terms of carbon, versus e.g. energy content, to facilitate comparison with other scenarios. The results of this sensitivity analysis show that the penetration of biofuels is not significantly different from that in the main case where carbon tax is imposed to all fossil fuels. This finding is also supported from the fact that the substitution possibility between other fossil fuels (e.g., coal, natural gas) and petroleum products for transportation (i.e., gasoline and diesel) is very small. On the other hand, targeting the tax to gasoline and diesel only leads to a much smaller loss in global GDP than an economy-wide carbon tax. This makes intuitive sense given that an introduction of carbon tax to all fossil fuels would have much higher impacts on other sectors, particularly in electricity generation and manufacturing sectors, where coal and natural gas are the main fuels. 
Policy Insights
Under a partial equilibrium setting, an introduction of a higher carbon-based tax to fossil fuels could make biofuels economically attractive, thereby causing significant substitution of fossil 34 fuels with biofuels depending upon the substitution of elasticity between them McCarl, 2003 and McCarl et al. 2010) . Such a finding is intuitive as a partial equilibrium analysis assumes ceteris paribus. However, in a general equilibrium framework this is not necessarily true as a carbon tax would have economy-wide repercussions; it would target lowercost GHG abatement options, slow down economic activities and reduce demand for energy.
Despite the substitution possibility between the liquid fossil fuels and biofuels, the reduction in total energy demand is also reflected in biofuel demand because the increased demand for biofuels caused by the substitution effect would be partially offset by the reduction in demand due to pricing effect. Thus, the net increase in biofuel demand under a general equilibrium setting would be smaller as compared to that in a partial equilibrium setting.
A companion study (Timilsina et al., 2010) shows that direct subsidies to biofuels to meet national targets announced by forty plus countries around the world would increase biofuel penetration by 3.3 percentage points (from 5.5% in baseline to 8.8% in the scenario to meet the announced targets) in 2020 at a cost of 0.02% of global GDP. This study shows in contrast that an economy-wide carbon tax of US$150/tCO 2 applied globally would increase the biofuel penetration by merely one percentage point (from 5.5% in baseline to 6.4% in the carbon tax case) at a global GDP loss of 2%, which is 100 times as high as that in the case of subsidy simulated in Timilsina et al (2010) . This is intuitively reasonable, since the direct subsidy is targeted at only one small portion of the overall energy system, whereas the carbon tax reduces GHG emissions across all sectors and fuel sources in the global economy, with greater aggregate impact. By similar reasoning, an oil price increase or increase in tax on petroleum products would have a larger impact on biofuels penetration than a carbon tax, in particular since an increase in the petroleum price would focus directly on liquid fuels and would have smaller 35 negative impacts on the economy as compared to that of a carbon tax introduced to all fossil fuels.
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The fundamental logic underlying is that a carbon tax is the most efficient economic instrument to reduce carbon emissions; whereas, if the objective of policy is to promote biofuels for other purposes (such as reduced fuel imports), a direct subsidy to biofuels would be much more efficient. If the policy objective is both climate change mitigation and promotion of biofuels, a carbon tax with part of tax revenue recycled to subsidize biofuels would be the most effective policy since it brings two distinct instruments to bear on two different objectives.
Conclusions
This study examines the conditions under which a carbon tax, an efficient economic instrument for climate change mitigation, also would stimulate biofuels. A number of simulations and sensitivity analyses were carried out using a multi-country, recursive dynamic CGE model to answer the research questions. The results of our simulations suggest that a carbon tax with tax revenue recycled to households in a lump-sum manner would have little impact toward increasing the market penetration of biofuels in the national as well as global energy supply mix.
The carbon tax would cause significant losses in GDP and sectoral outputs. The negative output impacts of the carbon tax affect not only energy intensive energy producing and manufacturing sectors, but also agricultural sectors that produce feedstock for biofuels. These findings are robust across a wide range of carbon tax rates, key elasticity parameters and coverage of fossil fuels subjected to a carbon tax (i.e., carbon tax to gasoline/diesel vs. all fossil fuels).
If a carbon tax were to be introduced to reduce CO 2 emissions in a country, and part of carbon tax revenue is used to subsidize biofuels, the combined policies could substantially promote biofuels. However, a carbon tax is not the best way to finance biofuels subsidies; any other taxes on fossil fuels or other government revenues could be used to finance those subsidies with the possibility of lower economic burden.
The carbon tax would cause loss in GDP no matter whether the tax revenue is recycled to households in a lump-sum manner or used to subsidize biofuels. The GDP loss would be even higher in the latter case. However, the negative GDP impacts per unit increase of biofuel penetration would be many-fold smaller in the carbon tax plus biofuel subsidy case as compared to the carbon tax alone case. Moreover, since the carbon tax has a huge base, as it is normally introduced to all fossil fuels in an economy, it produces large revenue. A small fraction of this revenue would be enough to provide a subsidy (more than 50%) required for a large expansion of biofuel penetration.
We have considered a carbon tax only on fossil fuels. Production of biofuels also causes emissions of GHG due to land-use change. If those emissions are also accounted for while designing a carbon tax, the ability of a carbon tax alone policy to enhance the penetration of biofuels may deteriorate further.
